The magnetization reversal in square lattice cobalt antidot arrays with the applied field at 45° to the anti dot rows was investigated using Lorentz electron microscopy in the Fresnel mode. While the hysteresis loops from magneto-optical Kerr effect measurements only reflect the easy axis character of the reversal, several different reversal processes were identified in the Fresnel images depending on the field history. Details of this complex magnetization reversal were elucidated with micromagnetic simulations.
The magnetization reversal in square lattice cobalt antidot arrays with the applied field at 45° to the anti dot rows was investigated using Lorentz electron microscopy in the Fresnel mode. While the hysteresis loops from magneto-optical Kerr effect measurements only reflect the easy axis character of the reversal, several different reversal processes were identified in the Fresnel images depending on the field history. Details of this complex magnetization reversal were elucidated with micromagnetic simulations.
When a regular array of holes is introduced into a continuous ferromagnetic thin film, the magnetic properties are significantly changed. I -5 In such ferromagnetic antidot arrays, domain wall behavior and interactions can be investigated, topics which are currently of interest for future magnetic devices based on the domain walls. 6 ,7 The basic domain configuration for square lattice antidot arrays with antidot size"'" antidot separation is shown in the schematic diagrams I to 3 in Fig. 3 . This configuration results from the fact that the spins adjacent to the antidots align parallel to the antidot borders in order to reduce the stray field energy and is observed with photoemission electron microscopy (PEEM) as a periodic checked domain contrast commensurate with the antidot lattice. 8 The hysteresis loops with the applied field along the hard and easy axes, i.e., parallel and at 45° to the antidot rows (see schematic diagram in Fig. 1 
9
,10 Here, we report on the magnetization reversal in square lattice cobalt antidot arrays on application of a magnetic field at an angle of 45° to the antidot rows.
Cobalt antidot arrays were fabricated by electron beam lithography. For observations with Lorentz electron microscopy, it was necessary to place the antidot arrays on substrates which allow the transmission of electrons. We therefore used silicon nitride (Si 3 N 4 ) membrane chips with 500 X 500 f.J.,m 2 membrane windows which are 50-nm-thick (from Silson Ltd., UK). It was not possible to use lift-off for pattern transfer since this method is assisted with an ultrasound bath which will break the fragile membranes. Instead, arrays of holes were created in the Si3N4 membranes using electron beam lithography in combination with reactive ion etching (RIE) processes and the cobalt thin film was subsequently deposited on to the prepattemed membranes. 1O The deposition was carried out by dc-magnetron sputtering [base pressure=(1.5-5.5) X 10-7 mbar] and the cobalt film was capped with a l-nm-thick aluminum layer to prevent oxidation. Each of the antidot arrays cover a square area with side length of 10-20 f.J.,m, and the anti dot period p ranged from 2 f.J.,m down to 200 nm, with antidot size = antidot separation and square or round holes. Due to the limited resolution of the fabrication process, the square holes have rounded comers. Hysteresis loops were obtained from longitudinal . For fields applied along the antidot rows, there is first a smalI reversible decrease in the magnetization after saturation. Here the spins neighboring the anti dots rotate to align themselves parallel to the antidot borders in order to reduce the stray field energy. The second feature of the hysteresis loops is a large change in the magnetization corresponding to the reversal of the antidot array via nucleation and propagation of domain chains. 9 As the antidot period decreases, both the exchange and magneto static contributions increase due to the decreasing lateral dimensions, resulting in the observed increase in the switching field,9 i.e., Hc=48 Oe, 93 Oe, and 2340e for p=2 J,Lm, I J,Lm and 240 nm, respectively. For a field applied at 45°, the loops are squarer and have a higher switching field (H c= 80 Oe, 145 Oe, and 335 Oe for p=2 J,Lm , 1 J,Lm, and 240 nm, respectively), displaying the hallmarks of an easy axis reversal. ' ,5 For the magnetic imaging, we employed Lorentz electron microscopy in the Fresnel mode ." This out-of-focus imaging technique reveals the position of domain walls which appear black or white depending on the orientation of the surrounding spins. In order to observe the details of magnetization reversal, an antidot array with p=800 nm and square holes was studied. The antidot size is w=440 nm, giving the ratio wI p =0.55 . A magnetic field was generated by applying a current to the electron microscope objective lens which gave a vertical field of = 500 Oe parallel to the electron column. The sample was then tilted in the range of ± 20° to vary the magnitude of the in-plane field HA in the range ± 170 Oe, and the in-plane field was applied at an angle of 45° to the anti dot rows. Two Fresnel images taken during a single field cycle are shown in Fig. 2 . Here HA was first set to -170 Oe, then decreased to zero, and images were recorded as HA was increased in the reverse direction. First, local do- main walls form between the anti dots as the spins relax to the basic antidot configuration 9 consisting of small square domains as seen in the region denoted by A in Fig. 2(a) . Then a long domain wall, or global boundary indicated by the arrows in Fig. 2(a) , moves through the antidot array. This global boundary separates region A with high magnetic contrast from the region denoted by B where magnetization reversal has occurred. In region B, the reduced magnetic contrast indicates that the spins are more or less paralIel and are likely to point in or close to the field direction. As the global boundary continues to pass through the antidot array, the reversed region increases and horizontal domain chains are left behind [ Fig. 2(b) ]. The domain chains finalIy disappear at H A = 151 Oe and the magnetization saturates. A similar reversal behavior was seen when the magnetic field was applied in the reverse direction, except that the chains were vertical rather than horizontal. We also observed the magnetization reversal for different orientations of applied field with respect to the anti dot rows from 42° to 48° in I ° steps. Again, we observed rotation of the spins in local domains, motion of global domain boundaries, and formation of chains, either paralIel or perpendicular to the anti dot rows, with differences in behavior depending on whether the field was applied in the positive or negative direction but no obvious trend as a function of field angle. To elucidate this complex reversal behavior, micromagnetic simulations were performed using OOMMF on a IO-nm-thick cobalt fi lm containing a square lattice anti dot array with an area 1.9 X 1.9 p,m 2 , p=200 nm, and using a simulation cell size of 5 x 5 nm 2 . The an'ay was composed of square anti dots with wlp=0.55 and rounded corners to mimic the shape of the holes in the real array [see inset in Fig. 3(a) J. Typical parameters for cobalt were chosen for the simulation: saturation magnetization Ms= 1400 X 10 3 Aim, exchange constant A = 3 X 10-11 Jim, and uniaxial anisotropy constant Ku=3.5 X 10 3 J/ m 3 . The external field was applied at 45° to the antidot rows and was decreased from +500 Oe down to -1000 Oe in 1500 steps. Two snapshots of the simulated magnetization reversal process are shown in Fig. 3 . First, there is a relaxation to the basic anti dot leaf configuration 9 (configuration I in Fig. 3) . Then, in a region towards the top right corner of the array [ Fig. 3 (a)J, the spins pointing along the antidot rows (running top left to bottom right) reverse resulting in a leaf configuration which is now rotated by 90° shown as configuration 2 in Fig. 3 . There is a global boundary between the regions containing configurations I and 2 (indicated by the arrow) whose position does not change with increasing applied field . Instead, on increasing HA to -500 Oe, in the top right region the spins pointing along the antidot columns (running bottom left to top right) reverse resulting in a leaf configuration which is again rotated by 90° shown as configuration 3 in Fig. 3 . On further increase of the field, instead of expansion of this region, the magnetization reversal continues by nucleation and propagation of chains of domains along the antidot rows and columns [ Fig. 3(b) ]. Finally, the magnetization saturates at HA =-7000e, following the annihilation of a few short 360° domain walls between adjacent anti dots (not shown). Several different simulations were performed, varying wi p from 0.45 to 0.65 and using various angles of the field to the anti dot rows between 45° and 48°. In addition, a z-field component was added (H z =500 Oe) to better reproduce the experiment and the period was increased from 200 to 400 nm. For all of these cases, no significant change in the reversal processes was found.
In the Fresnel images several processes were identified: local rotation of the magnetization between the anti dots, and formation of global boundaries and domain chains. The balance of the various processes during reversal and the orientation of the domain chains is dependent on the field history, i.e., the field orientation and direction (positive or negative). While there are domain chains of width pl2 present in both the Lorentz microscopy measurements and the micromagnetic simulations, there is a difference in the way that they are formed. This can be attributed to, for example, the presence of defects which facilitate nucleation, array size differences, and thermal effects in the real antidot arrays. The understanding of the complexity of the magnetization reversal processes in antidot arrays gained here will help the interpretation of macroscopic measurements, such as hysteresis loop and magnetoresistance measurements, particularly when the antidot period is reduced below the resolution of available imaging techniques.
